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Abstract  
Advancement in new technologies and methods of producing foaming agents have resulted 
in enhanced possibility of a structurally performing lightweight concrete. Lightweight foamed 
concrete (LWFC) is a cement based composite material that has shown remarkable potential 
as a replacement to Normal Weight Concrete (NWC) for structural applications. LWFC stands 
as a low self-weight building material relatively compared to its counterpart, NWC. Other than 
reduced self-weight, it also possesses desirable properties such as good thermal insulation, 
excellent fire resistance, and high workability and self-levelling. Technical and engineering 
unfamiliarity of LWFC has contributed to inhibiting the material’s wider use and advancement 
for structural application. In addition to the above, limited literature on the material’s 
durability properties and performance under exposure to aggressive elements such as carbon 
dioxide and chlorides contribute as a drawback. 
This thesis reports on a durability study on LWFC undertaken at Stellenbosch University (SU). 
LWFC beam specimens were exposed to cyclic wetting and drying periods using NaCl solution 
under controlled humidity and temperature conditions. The performance of two types of 
surface treatment agents in LWFC against preventing accelerated penetration of chloride ions 
and consequently chloride induced corrosion was the main focus. Chloride penetration was 
investigated by silver nitrate testing, and reinforcement corrosion was monitored via a non-
destructive linear polarisation method using commercially available GECOR 10 corrosion rate 
measuring equipment. 
The results indicated that inclusion of fly ash in reinforced LWFC reduces risk of dry shrinkage 
cracking, limiting localised corrosion on cracked locations. The surface applied silane-based 
water repellent treatment agent was effective in preventing moisture penetration, leading to 
the low reinforcement corrosion rates and chloride ion penetration depths.   
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1 Chapter One  
1.1 General Discussion  
Lightweight foamed concrete (LWFC) offers an appreciably lower density concrete as 
compared to the usual concrete produced from normal weight raw materials/aggregates. This 
research study focuses on the durability properties of lightweight foamed concrete, which is 
produced by a method of introducing air-voids into a cement paste consisting of cement, 
water, fibres and fly ash. The creation of air-voids in a cement paste is achieved by adding 
foam into the paste. The foam is produced from a protein/synthetic foaming agent which is 
diluted with water and aerated to form the foam (Panesar, 2013).  
The use and development of lightweight foamed concrete dates back to the early 1900’s. 
Since then foamed concrete has been mainly implemented in non-structural applications 
owing to its technical and engineering unfamiliarity and a perceived difficulty of attaining high 
compressive strength (Jones & McCarthy, 2005). Durability of LWFC is also another factor that 
has stalled its further advancement in wider structural application. The main aggressive 
elements that threaten the durability of steel in reinforced concrete are chloride ions, carbon 
dioxide and sulphur oxides. Water and oxygen are also considered as critical elements that 
work hand in hand with the aforementioned aggressive elements in causing damage to 
reinforcement in concrete structures. Water is said to provide the medium for transport of 
aggressive elements (chloride ions) in solution and also aids on establishing electrolytic 
continuity inside the concrete, a condition that favours corrosion to continue taking place 
once initiated.  
Due to the wide spread use of concrete in structures, including in environments that are 
aggressive, there is an increasing need to provide alternative measures to protect the 
concrete from aggressive elements. 
These environments include marine areas and their proximities, and chloride-induced 
permeable environments (i.e. where de-icing salts are used). Generally when concrete 
structures’ surfaces come into contact with water containing aggressive elements, the 
solution is taken up quickly by capillary suction. The aggressive elements are further 
transported into the concrete by a process called diffusion which is relatively slower than 
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capillary suction. Once the aggressive elements’ concentration e.g. chloride reaches a critical 
level on the area surrounding the reinforcement, deterioration via corrosion of the steel is 
initiated. Thereafter corrosion will progress at a faster rate provided the conditions remain 
favourable. The reinforcement suffers significant loss of strength and cross-sectional area 
which in turn affect the structural capacity of a reinforced structure or member leading to 
catastrophic failure (Neville, 1995).  
Previous research indicates that the use of surface treatment agents (STAs) notably reduces 
aggressive element penetration in concrete structures therefore limiting associated damages 
like corrosion of reinforcing steel (Medeiros & Helene, 2009). The main role for surface 
treatment agents in concrete is to alter the surface layer properties so that the conditions for 
aggressive element transport and fixation of moistures are not favourable. In a way this 
reduces the damage to the structures by penetration of aggressive elements to the 
reinforcement level. The efficiency of these surface treatment agents is also affected by 
proper use, handling and application of guidelines when dealing with the products. Proper 
consideration must be taken during application, application methods used and special 
treatment before or after application.  
Nevertheless there is limited literature and research data available on the use and efficacy of 
surface treatment agents in foamed concrete. Hence this research will focus on the aspect of 
investigating the use of surface treatment agents against chloride penetration in foamed 
concrete.  
1.2 Problem Statement  
Lightweight foamed concrete has proved to be a promising material towards replacing normal 
weight concrete in semi structural applications. Comparable strength capacities to those of 
normal weight concrete can now be achieved as a result of the advances in the design 
procedure and foam production methods. Since there has been a breakthrough of the 
material’s strength capabilities, the drawback towards replacing normal weight concrete in 
reinforced structural application of the material has been on its durability capabilities. The 
generally unavoidable interaction of the concrete surface with the external surroundings 
containing aggressive elements in different forms raises serious durability concerns of the 
materials if it is to be successfully implemented for structural purposes.  
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LWFCs’ microstructure is very porous as a result of entrained air-voids (Kearsley & 
Wainwright, 2001a). This property creates the perception that the material is susceptible to 
increased rate of penetration by moisture, ions and gases that compromise its durability. In 
order to advance the application of LWFC concrete particularly in reinforced elements or 
members, more information is needed to understand how the material performs with regards 
to durability and also explore alternative measures to enhance durability under exposure to 
aggressive elements. 
For this reason evaluation of the efficacy of alternative measures, which enhance durability 
of reinforced concrete, is of utter most importance. This study builds on the foundation of 
investigating the performance of surface treatment agents against chloride induced 
corrosion. This is done in order try and contribute knowledge and data that can be part of 
advancing the use of LWFC for structural purposes. 
1.3 Research Scope  
The research was initiated.to generate and add information with regards to the efficiency of 
selected surface treatment agents, chloride ingress in LWFC, and corrosion of reinforcement. 
Some supporting study such as long term compressive strength of LWFC with fly ash content 
(fly ash: cement ratio of 2:1) was also conducted.  
A commercially available GECOR 10 corrosion rate measuring equipment was used for 
determining the corrosion rate of the reinforcement in LWFC and chloride penetration depths 
were determined using the silver nitrate discoloration test. This research will mainly focus on 
the durability performance and enhancement of LWFC by use of two locally available surface 
treatment agents in South Africa. 
1.4 Research Objectives   
The objectives of this study can be summarised as follows:  
• To contribute towards further acceptance of foamed concrete as an alternative to 
normal weight concrete in semi-structural applications,  
• To assess and evaluate the durability properties of foamed concrete, in particular 
resistance against chloride penetration,  
• To evaluate the efficacy of surface treatment in foamed concrete,  
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• And finally, to determine the effect of cracks and fly ash inclusion in foamed concrete 
with regards to reinforcement corrosion 
  
1.5 Limitations of the Research  
This study was limited to investigating the performance of STAs on reducing the corrosion 
rate in reinforced LWFC. The STAs used in the research study are locally available commercial 
products from Sika®. Two types of surface treatment agents were investigated:  
i) A waterproofing admixture for mortar called Sikalite, which is a powder-like 
product and is applied as a percentage of cement content with the dry 
aggregates. 
ii) A surface applied silane-based water repellent impregnation cream called 
Thixo 706. It is applied on to the surface of the beams after the curing period. 
The wet target density of the LWFC used for experimental specimen production was 1600 
kg/m3. 
 
1.6 Summary  
The development of LWFC properties via improved methods of foam production brings new 
possibilities of a wider application of the product as a load bearing structural building 
material. Though previous researchers have proved that high strengths comparable to that of 
NWC can be attained with LWFC, questions still remain about the durability properties and 
capabilities of LWFC. Hence the need to investigate its properties with regards to attack by 
common aggressive elements encountered when concrete is exposed to the environment. It 
is also worth mentioning that there exist structural buildings that are in use where LWFC was 
the main building material. However the question still remains, what is the durability 
confidence of the material given its high level of porosity and, if need be, what can be done 
to improve its durability performance. 
1.7 Thesis Layout  
The first chapter gave a brief background of the rationale behind using surface treatment 
agents to enhance the durability of LWFC. The scope and limitations of the research 
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investigation were established and the specific problem statement was defined. Chapter 2 
presents the literature review of surface treatment agents’ application and functional 
mechanisms in concrete. It concludes by highlighting the factors affecting performance of 
surface treatments in concrete.  
In Chapter 3, the theory behind the corrosion rate measuring technique used in this study is 
discussed. The chapter starts off with a brief discussion of the corrosion rate background, 
followed by an in depth review of the method used in this study. The second half of the 
chapter focuses on the results interpretation of the corrosion rate measuring technique used 
and how they can be interpreted in engineering context. It derives the relationship between 
the electrochemical data for corrosion measurement and the engineering terms or concepts.  
Chapter 4 gives the experimental design procedure of the study. The materials used to 
prepare the LWFC are specified and the preparation procedure is discussed. The experimental 
tests and method of testing done in this study are also discussed including the tested 
parameters.  
Chapter 5 includes the final discussion on all the results obtained from the experimental tests 
conducted. And Chapter 6 zones in on the conclusions made and gives a list of 
recommendations for future study.  
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2 Chapter Two 
Literature Review  
2.1 Introduction 
This chapter provides in detail the types of surface treatments agents (STAs) available for 
application in concrete. The STAs are discussed in terms of their functionality, protection 
mechanism and application methods. A focus on the practical implementation of the 
treatment agents is also included. The factors affecting the performance of the treatment 
agents are also discussed, with reference to product manufactures’ recommendations and 
previous academic research conducted. A brief background on LWFC is presented first.  
2.2 Lightweight Foamed Concrete (LWFC)  
Lightweight foamed concrete (LWFC) is a homogenous material composed of fine aggregates 
or fillers (e.g. sand/lime), cement and cement extenders and entrapped air (Bach, Bormann, 
Kucharski, & Wilk, 2004). It can also incorporate light weight aggregates such as furnace 
clinker, blast furnace slag, expanded clay, shale and slate. The light weight aspect in LWFC is 
as a result of entrapment of between 10% and 70% air voids (Panesar, 2013). 
The selection criteria for various applications of LWFC are based mainly on air-dry-density 
which heavily influences its strength. The air-dry-density ranges between 300 and 1800 kg/m³ 
as opposed to normal weight concrete with density in the region of 2350 kg/m³ (Alexander & 
Beushausen, 2009). LWFC is reported to possess superior properties such as; a higher strength 
to density ratio, self-levelling capabilities, better thermal and acoustic properties due to its 
textural surface and micro-structure, and a rigid well bound body after hydrating.  
However, its wider use in structural applications has been hindered by its technical and 
engineering unfamiliarity. Some characteristics such as relatively low tensile strength and 
high drying shrinkage strains have also contributed to the drawback (Jones & McCarthy, 
2005). 
Over the past years, improvements in the production methods of foaming agents resulting in 
enhanced properties gave rise to interest in the load bearing structural application of LWFC. 
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The mechanical properties suitable for structural application have been achieved for densities 
ranging between 1200 to 1600 kg/m3. However, due to its porous microstructure, concerns 
have been raised regarding penetrability by aggressive elements (e.g. chloride ions) and 
gasses which compromise the durability performance of the material.  
If LWFC is to be utilized on a large scale the durability performance first needs to be 
understood. Limited research exists on LWFC durability performance, and this study will look 
at adding knowledge on durability enhancement against chloride induced corrosion by use of 
surface treatment agents.  
2.3 Surface Treatment Agents in Concrete  
2.3.1 Introduction  
Various reasons exist for the application of STAs on concrete structures. The reasons are 
motivated by either poor material performance (i.e. permeability and abrasion) or harsh 
exposure conditions. Applying surface treatments on concrete can be a preventative 
measure, on which the goal will be to prevent deterioration of concrete against acid attack, 
weathering, or reinforcement corrosion. The point behind using the surface treatments is to 
alter the properties of concrete, consequently changing the circumstances of transportation 
and fixation of moisture and deleterious elements. Surface treatments can also act as limiting 
agents to the rate of deterioration of reinforced concrete via corrosion or alkaline silicate 
reactions.  
Other reasons for use or application of surface treatments not related to durability 
performance include; appearance (colour & surface texture), aesthetic, defect concealment 
(efflorescence & stains). If placement, compaction and curing is done properly, concrete on 
its own is regarded as a durable material, however it should be noted that the application of 
surface treatment can become a necessity in order to achieve a requested service life under 
certain exposure conditions which may be highly aggressive.  
With regards to durability performance, surface treatments have high potential to increase 
the deterioration/corrosion initiation period by limiting the transportation of aggressive 
elements or compounds within the concrete. Such elements include chloride ions, sulphates, 
and carbon dioxide. In concrete structures where degradation has already started, surface 
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treatments can be used to reduce the rate of deterioration by limiting penetration of essential 
elements required for the deterioration process to continue (e.g. corrosion), consequently 
increasing the service life of the structure. 
Each structure, based on its exposure condition and purpose, requires a specific type of 
surface treatment. The properties of surface treatment agents differ based on the type(s) of 
materials and compounds they are manufactured from. It is important to ascertain whether 
any product considered for application meets the anticipated properties and will not conflict 
with the properties of the material on which they are applied. To achieve intended the 
performance of surface treatments it is also important that they are applied onto concrete 
structures in the correct manner and that the surface preparation of the concrete is correctly 
done. 
Surface treatment systems incorporating several products can be considered in very 
aggressive environments (Basheer, Basheer, Cleland, & Long, 1997). 
For example, a system of coatings and hydrophobic impregnation can be applied to a concrete 
structure, in which the hydrophobic impregnation will ensure low moisture penetration on 
defective surfaces of the concrete for example cracked concrete surfaces, where the coating 
protective mechanism would have been affected by the crack.  
2.4 Surface Treatment Agents Classification  
Surface treatment agents can be classified according to their main generic component, 
functional or protection mechanism, curing requirements, or properties such as degree of 
penetration and thickness of the surface film. Based on EN 1504-2 (2004) and the protection 
mechanism, surface treatment agents can be classified into three main groups: Coatings (e.g. 
bitumen), Pore liners (Hydrophobic impregnation), and blocker (Impregnation) (Medeiros et 
al., 2012) see Figure 1. 
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Figure 1: Surface treatment protections (a) coating and sealers (b) pore liner (c) pore blocker (Medeiros et al., 
2012) 
 
2.4.1 Pore liner (Hydrophobic impregnation) 
Technically called hydrophobic agents. They penetrate into the concrete surface pores and 
react with the hydrated cement particles forming a water-repellent surface lining protection 
without a pore filling effect (Franzoni, Pigino, & Pistolesi, 2013). 
Hydrophobic agents are organic polymers made up of different organic groups (silicon resins) 
of varying chain lengths, they are mainly composed of either silane or siloxane organic 
compounds.  
Irrespective of the composition of a specific product, the water repellent by-products that 
result from the chemical reaction of the concrete surface and the agents are called silicone 
(Giessler, Standke, & Büchler, 2005; Medeiros & Helene, 2009; Sikagard ® -706 Thixo, 2012; 
Tittarelli & Moriconi, 2010). Figure 2 depicts a typical silicone by-product formed on a 
concrete surface.   
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Figure 2: Schematic representation of a chemically bonded hydrophobic agent to a concrete substrate 
(Medeiros et al., 2012) 
 
2.4.1.1 Hydrophobic impregnation protection mechanism 
 
 
Figure 3: Difference between a hydrophilic and a hydrophobic material in terms of capillary forces and 
exposure to water (Selander, 2010) 
 
The mechanism which describes the water repelling action of hydrophobic agents is referred 
to as the lotus effect and it is illustrated in Figure 3. Concrete on its own is a hydrophilic 
material hence when it comes in contact with water, its contact angle is often considered to 
be zero or less than 90°. This means that the pore structure of concrete generates capillary 
forces that draw water into their system when in contact.  
A change from hydrophilic to hydrophobic properties occurs on the concrete surface when it 
is treated with a water repellent agent, Figure 3. According to Giessler et al. (2005), in contrast 
to the action of coatings, the surface pores and breathability of the concrete remain 
unaffected, leaving the movement of gases (e.g. water vapour) into and out of the concrete 
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entirely unaffected. This mechanism is effective in stopping the penetration of liquids 
transporting deleterious elements into concrete for example chloride ions. 
 
Figure 4: Schematic representation of the change from hydrophilic to hydrophobic of the surface of concrete 
when it comes in contact with a water repellent agent (Giessler et al., 2005) 
 
Figure 4 depicts the chemical reaction process of a hydrophobic agent and a concrete surface 
step by step. The untreated surface (concrete) is hydrophilic because of the hydroxyl ions on 
the surface.  
The hydrophilic surface is altered when the siloxane polymer from a water repellent agent is 
applied, resulting in a hydrophobic state (hydrophobized concrete). 
2.4.2 Pore blocker (Impregnation) 
Pore blocker products react with soluble constituents in the concrete pore structure to form 
insoluble by-products that block the concrete pore system. They resist penetration of 
concrete by liquids under a pressure gradient. Pore blockers are mainly composed of 
inorganic silicates for example sodium silicates, potassium silicates, and fluorosilicates (Jia, 
Shi, Pan, Zhang, & Wu, 2016), chemically inorganic-organic compounds namely ethyl silicate 
also exists. Equation (2.1) depicts the chemical reaction of a sodium silicate based product 
inside the concrete pore structure.  
 𝑁𝑎2𝑆𝑖𝑂2 + 𝑦𝐻2𝑂 + 𝑥𝐶𝑎(𝑂𝐻)2 → 𝑥𝐶𝑎𝑂. 𝑆𝑖𝑂2. 𝑦𝐻2𝑂 + 2𝑁𝑎𝑂𝐻 (2.1) 
Stellenbosch University  https://scholar.sun.ac.za
12 | P a g e  
 
A less porous concrete pore structure results due to the precipitation of SiO2. With reference 
to Equation 2.1, Medeiros et al. (2012) mention that the presence of portlandite (Ca(OH)2) is 
crucial for the reaction to take place. The authors further highlight that for the reaction to 
occur, sufficient presence of portlandite is of utmost importance. This results in a carbonation 
resistant concrete due to the reduced portlandite content or concentation which is a crucial 
reactant in the carbonation process (Aguiar & Junior, 2013). 
2.4.2.1 Impregnation protection mechanism  
The silicates found in the pore blocker products chemically react with portlandite producing 
a precipitate of a silica gel and sodium hydroxide inside the material’s porous microstructure. 
In Equation 2.1 a calcium silicate hydrate (C-S-H) gel is produced. This results in improvement 
of concrete hardness and decrease in permeability of the concrete layer, which comes as a 
result of the gel that fills the pores of the concrete (Franzoni et al., 2013; Pigino, Leemann, 
Franzoni, & Lura, 2012; Sandrolini et al., 2012).  
Figure 5 presents the reaction scheme of an inorganic-organic ethyl silicate to form a pore 
blocking silica gel inside a concrete pore structure. 
 
Figure 5: Ethyl silicate reaction scheme: (a) hydrolysis reaction (b) condensation reaction on the substrate 
surface to form silica gel (Sandrolini et al., 2012) 
 
2.4.3 Coatings 
This type of surface treatment agent forms a continuous film on the concrete surface, 
shielding it completely from the external environment exposure. In coatings, some product 
manufacturers may recommend that multiple layers be applied to improve the protection 
performance of the material. On the other hand, performance of any surface protection 
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system is dependent also on exposure conditions, which heavily influence the selection choice 
of a type of coating to use. Coatings are mainly composed of epoxies, polyurethane, vinyl, 
acryl, chlorinated rubber, styrene butadiene, cement and bitumen.  
2.5 Protective Functions 
The choice of a surface treatment mechanism to be applied on a structure should be based 
on the assessment of the actual or potential causes of deterioration. Moisture is a critical 
factor in chloride induced corrosion processes as it is the medium of transportation of 
deleterious elements in concrete. In the absence of moisture, the corrosion process will not 
proceed or will significantly slow down.  
One possible way of preventing deterioration of reinforced concrete structures is to prevent 
transportation of moisture and gases containing deleterious elements into the concrete. 
Hence the ability of a surface treatment to control moisture content inside the concrete is of 
paramount importance and value. 
2.5.1 Chloride corrosion  
Chloride induced corrosion of embedded reinforcement in concrete is one of the main 
deterioration problems experienced in reinforced structures. The mechanism behind the 
deterioration process is complex, although it is understood that chloride ions destroy the 
protective film surrounding the reinforcement formed by the alkaline environment in 
concrete. For chloride ions to reach the level of reinforcement, they travel through the 
concrete matrix in solution via the transport mechanisms. The ability of surface treatments 
to limit the moisture transport into concrete prevents the movement of chloride ions to the 
level of reinforcement.  
Moisture content inside the concrete is an essential parameter in the corrosion process, it 
acts as an electrolyte providing a transport medium for hydroxyl ions from the cathodic to the 
anodic region where the corrosion products are formed. Hence the capability of a surface 
treatment to prevent further corrosion is dependent on its ability to limiting further ingress 
of moisture into the concrete. By limiting moisture ingress, the amount of electrolytes inside 
the concrete is reduced and chloride transport is inhibited, which results in an increase of the 
electrical resistivity of the concrete and reduced corrosion rate.  
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2.5.2 Carbonation induced corrosion  
By limiting carbon dioxide penetration into concrete, surface treatment agents can retard the 
carbonation process, thus maintaining the passive environment around the reinforcement. 
The corrosion process caused by carbon dioxide is related to the reduction of the alkaline 
environment around the reinforcement.  
When carbon dioxide penetrates the concrete, it reacts with the hydration products 
(carbonation reaction) which results in the reduction of the pH levels inside the concrete. 
Reduction in the pH level in the surrounding environments of the reinforcement results in the 
destruction of the passivity layer around steel making it prone to corrosion.  
Since surface treatments can reduce the moisture content within the concrete, it is also 
important to note that carbon dioxide diffusion into the concrete is high at low moisture 
content which equates to a high carbonation rate. The maximum carbonation rate occurs at 
a relative humidity of 70% (Utgenannt, 2004), Figure 6.  
 
Figure 6: Relative diffusion coefficient of carbon dioxide and relative rate of carbonation as a function of 
relative humidity (Böhni, 2005) 
 
Most effective surface treatments against carbon dioxide related corrosion are the ones that 
absorb the carbon dioxide, forming a sacrificial mechanism of protection for example 
cementitious mortars or coatings. Figure 6 is a simplified sketch for the relationship between 
carbon dioxide diffusion coefficient and relative humidity in the concrete.  
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2.5.3 Alkali-silica reactions  
Alkali-silica reactions (ASR) is an expansive product resulting from the reaction between 
alkalis (from cement hydration) and silica containing aggregates. This reaction is affected by 
the moisture content inside the concrete. The moisture has a capacity of transporting the 
alkalis to the reactive aggregates thereby initiating the reaction. As mentioned earlier, the 
ASR gel like product is expansive, it induces pressure within the concrete enough to cause 
cracking (Otieno, 2010). 
In saturated concrete with very high moisture content, there is a possibility of this ASR gel 
product to penetrate the pore system of the concrete with low viscosity and resulting in low 
expansive pressure. According to Albert (2017), application of a saline surface treatment on 
concrete slows the development of ASR deterioration as a result of a reduced moisture state 
inside the concrete. Limit the moisture content in concrete reduces the transport effect of 
alkalis to the reactive aggregate, hence minimising the possibility of crack formation in 
concrete.  
2.5.4 Frost damage  
Frost damage in concrete can be divided into two categories; internal and external. Internal 
frost damage occurs when the water/moisture inside the concrete pore structure freezes 
thereby resulting in cracking as a result of stresses due to increase in the volume (9% 
expansion when liquid water turns to ice). External damage however occurs when the 
concrete surface freezes resulting in deferential stresses between the surface and the internal 
matrix of the concrete (Fridh, 2005). This type of damage (external) is well known as ‘salt frost 
scaling’, and it is common in very cold environments where salt is used to deice surfaces 
(pavements).  
Surface treatments can be used to prevent the penetration of moisture into the concrete, 
hence reducing the probability of internal frost damage.  
A three-year field evaluation of saline applied concrete pavements conducted by Albert 
(2017) indicated that saline treatment on concrete slowed down the deterioration, as a result 
of freezing and thawing action, by reducing the moisture state of concrete. 
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The ability of surface treatments to prevent any further moisture penetration into the 
concrete is of great value in cases were frost damage is more likely to happen. In addition, 
some surface treatments allow water vapour permeability so that entrapped moisture can 
leave the concrete to avoid internal frost damage e.g. hydrophobic surface treatments 
(Selander, 2010). 
2.5.5 Abrasion damage  
Weak surfaces are common in concrete structures. They arise due to poor casting or 
weathering. The use of surface coatings and pore blockers can increase the abrasion 
resistance of worn surfaces. The surface treatments that may be applied to or prescribed 
should possess abrasion and impact resistance properties.  
2.6 General Aspects of Surface Treatments Based on Protective Function  
From the research presented in Sections 2.3 to 2.4.2.1, it can be concluded that the effective 
protective mechanism lies mainly in the capability of a product to limit the penetration of 
moisture into the concrete. However, diffusion of water vapour through the surface 
treatments is an important factor as this will help with maintaining a favourable moisture 
content within the concrete by avoiding entrapment.  
Cracking in concrete is also another aspect that will affect the performance of surface 
treatments. Hence crack bridging possibilities in concrete through use of fibres is an 
important aspect to consider in cases where aggressive elements penetrate the concrete in 
solution e.g. chlorides. Other aspects of surface protection systems that need to be 
considered based on the exposure environment and prescription are; fire resistance, 
strength, thermal expansion, and shrinkage. 
The protection efficiency of surface treatments against chloride and carbon dioxide 
penetration may deteriorate with time. Therefore product durability conditions and 
performance should always be prescribed as well as monitored with time. 
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2.7 Durability and Serviceability of Surface Treatments  
The durability and serviceability of surface treatments are affected by exposure conditions, 
type of structure, application method, choice of treatment and its properties. Hence these 
factors need to be taken into account when selecting a specific product for application.  
For most surface treatment products, if not all, there exists an application method to be 
followed. These methods are crafted by manufacturers based on large amounts of laboratory 
tests and trials. However, site conditions vary significantly with laboratory conditions but 
acceptable levels of protection can be attained if procedures are followed. Exposure 
conditions and UV light can affect the durability of surface treatments for a long period of 
time, depending on their properties and interaction with the concrete. 
The durability of hydrophobic treatments is dependent on two main factors, which are: 
surface exposure and penetration depth. According to Selander (2010), the resistance to 
surface exposure elements is sensitive to the environment and loading factors and disappears 
within a year, yet the penetration depth factor can last for a long period given that sufficient 
depth is reached. Hydrophobic impregnations have a capability of penetrating the pore 
structure of concrete, meaning enhanced exposure resistance to environmental factors such 
as UV light can be attained, resulting in prolonged durability.  
Properties, such as water vapour permeability by hydrophobic impregnation enhance the 
durability of the surface treatments against delamination.  
Surface treatment agent delamination may arise as result from moisture accumulation in 
concrete underneath the surface treatment. Hydrophobic surface treatments offer excellent 
serviceability in concrete structures as they do not alter the appearance of the surfaces to 
which they are applied.  
Coatings have been used for long periods of time and their application methods heavily 
impact durability and serviceability. Blisters and abrasion are common durability problems 
associated with coatings. Though all surface treatments are sensitive to quality application 
and preparation of the concrete surface, coatings are the most affected in this regard. Poorly 
prepared surfaces and substandard workmanship significantly affect coatings. The commonly 
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affected property of coating treatments, and arguably the most important one, is its adhesion 
to the concrete surface.  
Coatings pose a risk of moisture accumulation underneath the concrete surface, which can 
lead to loss of adhesion of the coating to the surface. Coatings tend to alter the aesthetic 
appearance of the surface to which they are applied, a factor that may compromise the 
attractiveness of a structure. However, they offer a broad variety of colours to choose from, 
a factor that offers possibilities to capitalise on an alternative aesthetic appearance of a 
structure. Coating degradation may also result from temperature cycling and shrinkage, 
which can cause internal stresses in the surface treatment. A repair involving coatings will 
always result in a change in the aesthetic appearance of the repaired structure.   
In conclusion, the durability and serviceability of surface treatments is a combination of 
various factors that need to be considered together for effective performance of any product. 
It is important that surface treatments can resist deterioration as a result of outdoor exposure 
(UV-radiation, pollutants and acid rain) as these conditions may lead to the loss of the 
functional properties of the treatment agent (Franzoni et al., 2013). 
2.8 Substrate Preparation and Application of Surface Treatments  
Clean substrate (concrete surface) free from contamination by grease, oil, loose materials, 
and curing products offer satisfactory adhesion and penetration of surface treatments 
(Raupach & RÖßLER, 2005). Insufficient adhesion is common on substrates with oil remains, 
a primer may be required in some cases (weak surfaces) for improved adhesion. A few 
examples of cleaning methods for concrete surfaces include:  
Washing with water, steam cleaning, pressurised air cleaning, pressurised water 
cleaning, sandblasting, flame cleaning, mechanical cleaning, and chemical cleaning. 
Information on acceptable cleaning methods relative to a respective surface treatment is 
mainly prescribed by the product manufacturer and usually contained in the product data 
sheet (See appendix E on page 74) (Sikagard ® -706 Thixo, 2012).  
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2.9 Application Factors Affecting Performance of Surface Treatments 
2.9.1 Hydrophobic treatments  
2.9.1.1 Penetration depth 
Performance of surface applied treatment agents is linked to the penetration depth of the 
product into the concrete substrate. Depending on the type of a product, most product data 
sheets prescribe a minimum penetration depth or thickness for effective performance of the 
treatment. The penetration depth can be a minimum of 2mm (Johansson  et al. 2005), or 4mm 
(Zhan & Wittmann, 2005) to a maximum of 10mm (EN1504-2) for effective performance. 
Effective penetration depth can be defined as the depth of penetration from the surface of 
the treated concrete to the point where the untreated concrete starts (European standard EN 
1504-2). It is determined by a method called the ‘dip test’. Surface treated specimens are 
broken in half and the fractured surface/edge is exposed to water. 
The untreated section of the fractured surface/edge will become dark from the wetting. Then 
penetration depth is measured from the surface of the treated edge to the region 
representing the untreated section (dark region due to wetting) on the fractured surface.   
Lack of penetration into the substrate pore structure of hydrophobic treatments is one 
common problem that can be faced during application, this can be a result of evaporation of 
the product during application (volatility) or high localised humidity on the substrate surface 
or poor application method. Hence extreme care and caution should be exercised during the 
application process with consideration to the prescribed penetration depth. 
2.9.1.2 Type of surface treatment 
For practical purposes volatile products should be avoided in sunny and windy conditions as 
they pose a risk of evaporation during application. However, hydrophobic treatments (Silanes 
& Siloxanes) are polymers of varying carbon chain size giving rise to products with different 
volatility rate. Products with longer chains are less volatile and penetrate deeper than those 
with smaller chains (Selander, 2010).  
Creamy products are common in hydrophobic treatments, since they offer easiness to apply 
evenly to surfaces without flowing and a distinguishable colour makes it easy to visualize 
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where further application is necessary. When spraying is used as an application method, the 
choice of equipment and pressure is very important, since high pressures can cause 
dissociation or separation of the product during application.  
2.9.2 Coatings  
2.9.2.1 Application method  
The application methods of coatings to a substrate vary depending on the surface area or 
product type. Brushes, rollers, trowels or spray guns can be used for this purpose. 
Each method has its advantages and disadvantages, for example rollers generally produce an 
uneven surface thickness. Thicker coatings can be difficult to apply with brushes, rollers or 
spray guns hence trowels can be used because of easy handling in this case. The moisture 
content and temperature of the substrate (concrete) should be appropriate as per product 
specification before application.  
2.9.2.2 Application temperature  
A temperature between 5 to 30°C is typically recommended and application should be 
avoided in rainy or moist conditions. However, cement based coatings can be applied during 
moist conditions. Most coatings are applied in several layers, with wet on wet application but 
others may require allowance for drying time between layers. Thickness after application is 
one of the critical parameter that affects the performance of the coating and should always 
be satisfied based on exposure conditions or product specification.  
2.10 Results of Successful Surface Treatment Application  
If correctly selected and applied, surface treatments can have a significant effect on the 
service life of reinforced concrete structures. Ingress of aggressive and essential elements 
that aids to deterioration of reinforcement can be minimised significantly when surface 
treatments are properly used. 
Reduced moisture content inside the concrete due to surface treatments can result in 
increased carbon dioxide diffusion, and consequently carbonation rate, as illustrated in Figure 
6. Hence it is important to select a surface treatment that suits the given environmental 
conditions of a specific site.  
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In the service life model of Figure 7, successful selection and application of surface treatments 
is represented by the grey line. 
The service life, initiation and propagation period can be increased resulting in a longer period 
before maximum allowed corrosion has been reached. 
 
Figure 7: Resulting effect of surface treatments to the service life model of reinforced structures (Selander, 
2010) 
2.11 Conclusion  
Surface treatments are not the answer to all the problems relating to durability of reinforced 
concrete via penetration by aggressive elements. However, if correctly applied, they can 
significantly impact and prolong the service life of a structure. The selection and application 
of surface treatment agents are dependent on many aspects ranging from exposure 
conditions to product and substrate type. Performance monitoring of surface treatment 
agents is also an integral aspect for successful results. 
The protection mechanism of STAs span a wide range depending on the type of production. 
However their prime function is to avoid penetration of aggressive elements into the concrete 
by altering the concrete pore system or surface. This can be achieved by either blocking the 
pore system with precipitates, lining the surface pore system, or completely isolating the 
surface from external environment.  
Stellenbosch University  https://scholar.sun.ac.za
22 | P a g e  
 
3 Corrosion Rate of Reinforcement in Concrete  
3.1 Introduction  
With time, the reinforcement embedded in concrete deteriorates when exposed to 
environments containing aggressive elements. The speed at which it corrodes is termed 
‘Corrosion Rate’. There are various techniques used to study the deterioration of 
reinforcement due to corrosion, varying from simple and less time consuming to complex and 
labour intensive methods, destructive and non-destructive methods. This research will focus 
on the most widely used non-destructive method to assess reinforcement corrosion; namely 
electrochemical technique. 
3.2 Corrosion Rate Definition 
Corrosion rate is a key parameter used to quantitatively predict the lifetime of structures 
under corrosion attack. It may inform about; the loss of cross-sectional area of reinforcing 
steel over time, and the time to cracking of concrete cover due to corrosion by products.  
Andrade and Alonso formally define corrosion rate as; “the amount of corrosion produced by 
a unit of surface area when referred to a specific period of time” (Andrade & Alonso, 1996) . 
In simple terms corrosion rate is a parameter that can be measured as the loss of mass or 
weight of reinforcement due to corrosion over a period time.  
3.3 Corrosion Rate Measurement Techniques  
There are various electrochemical techniques that can be used to determine the corrosion 
intensity and subsequently corrosion rate of deteriorating reinforcement under attack by 
aggressive elements (e.g. chloride ions). Electrochemical techniques are based on the ‘Linear 
Polarisation Resistance’ of the reinforcement during the process of corrosion (Elsener, 1997).  
The use of electrochemical methods to determine the corrosion rate or locating corroding 
areas has been a success story in the engineering field. However, the correct interpretation 
of electrochemical methods’ data to corrosion risk or level is not as apparent as the methods. 
It is and has been a widely researched topic since the inception of electrochemical methods 
and various modifications and refinements have been done. This research study will focus 
Stellenbosch University  https://scholar.sun.ac.za
23 | P a g e  
 
primarily on the use of a commercially available GECOR10 corrosion rate measuring 
instrument to assess the corrosion rate of reinforcement embedded in LWFC.  
3.3.1 Linear polarization resistance methods  
The method is attributed to Stern (Stern & Geary, 1957), the polarisation technique using 
direct current is one of the most widely used methods for corrosion rate monitoring. Stern 
used electrochemical fundamentals to propose a simple, fast and non-destructive technique.  
The method encompasses a technique whereby the reinforcement (working electrode) is 
polarized by an external potential in the order of +/- 10mV relative to its open circuit potential 
(i.e. potential measured when no current is flowing in the reinforcement). As the potential of 
the reinforcement is changed, a current will be induced to flow between the working 
electrode and the counter electrode. The reinforcement’s resistance to polarization is the 
gradient of the applied potential versus the induced current within the linear region of the 
potential versus current graph.  
This approach of changing the potential of a metal in a sweep (controlled) manner and 
measuring the current induced is a technique called the Potentiostat method and the 
opposite of it, which is to apply a controlled current and measuring the potential induced, is 
called the Galvanostatic method. With both techniques, Potentiostat and Galvanostatic, a 
disturbance of the corrosion equilibrium process is initiated.  
That is, the metal sample is forced from its open circuit potential and consequently referred 
to as being polarised and the response is measured as current. This response is used in 
modelling the corrosion behaviour of the reinforcement.   
Expression 3.1 is known as the Stern’s formula;  






where: 𝑅𝑝 is the polarisation resistance, 𝛥𝐸 is the applied potential, and 𝛥𝐼 is the measured 
current. 
The 𝑅𝑝 value is related to the corrosion current density (𝐼𝑐𝑜𝑟𝑟) or alternatively corrosion rate 
by means of a constant which Stern named 𝐵, and proposed a range of values for various 
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Where: 𝐼𝑐𝑜𝑟𝑟 is the corrosion current density or corrosion rate, 𝐵 is Stern proposed constant 
(26mV for active corrosion and 52mV for passive corrosion), and 𝑅𝑝 is the polarisation 
resistance. 
Stern’s work was criticised for its simplicity, and during subsequent years researchers offered 
improvements which only increased the complexity without a clear improvement of the 
accuracy (Andrade & Alonso, 1996).  
3.4 Electrochemical Basis of Corrosion  
A corrosion process occurs via an electrochemical process involving two types of reactions, 
the anodic and cathodic reactions.  
An anodic reaction is where metal oxidation occurs. Electrons are released into the metal. 
Corrosion products are formed are formed at the anodic region. Equation 3.3 represents the 
half-cell equation that takes place on the anodic region.  
 Fe →  𝐹𝑒2+ + 2𝑒− (3.3) 
Conversely, a cathodic reaction is where the reduction of the metal occurs. Electrons are 
removed from the metal reacting with water/moisture and oxygen forming hydroxyl ions 
which will migrate to the anodic region where they will form rust with Fe2+ ions further 
initiating the reduction process on this region. Equation 3.4 represents the half-cell equation 
that takes place on the cathodic region. 
 4𝐻2𝑂 +  𝑂2 +  2𝑒
−  →  4𝑂𝐻− (3.4) 
The equilibrium of the two above mentioned processes implies that there is a balanced flow 
of electrons from the anodic region the cathodic region. This equilibrium means that there is 
no current flow in the corroding metal. 
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To determine the corrosion current density (𝐼𝑐𝑜𝑟𝑟), which is related to the corrosion rate, the 
electrochemical techniques (Potentiostat or Galvanostatic methods) are implemented. 
3.5 Theory behind Quantitative Measurement of Corrosion Data   
The corrosion current density cannot be measured directly in a corroding reinforcement, 
electrochemical models are used to predict the value. The electrochemical methods assume 
that the anodic and cathodic process rates are controlled by the kinetics of the transfer 
reactions of ions and electrons on the metal surface during the corrosion process  
(ASTMG102, 1999; Berke & Brossia, 2005; Popov, 2015). 
An electrochemical reaction which obeys the aforementioned assumption is represented by 
the equation below which is known as the Tafel equation. 





Where 𝐼 is the current resulting from the electrochemical reactions presented by Equations 
3.3 and 3.4, 𝐼𝑜 is a reaction dependent constant called the exchange current, 𝐸 is the 
electrode potential, 𝐸𝑜 is the equilibrium potential, and finally β is the Tafel constant. 
Equation 3.5 represents an electrochemical behaviour in one isolated reaction (i.e. either 
anodic or cathodic reaction). But in a corrosion system two opposing reactions occur, which 
the behaviour is represented by the Butler-Volmer Equation 3.6: 
 𝐼 =  𝐼𝑐𝑜𝑟𝑟( 𝑒
2.303(𝐸−𝐸𝑐𝑜𝑟𝑟)
𝛽𝑎  − 𝑒
2.303(𝐸−𝐸𝑐𝑜𝑟𝑟)
𝛽𝑐  ) (3.6) 
 
Similar parameters of the Tafel and Butler equation mean the same except for: 𝐼 which now 
represents the measured current when using the Galvanostatic method (Section 3.4), βa and 
βc are anodic and cathodic Tafel constants respectively.  
As mentioned previously, 𝐼𝑐𝑜𝑟𝑟 values cannot be measured directly in a corroding system. 
Corrosion measurement instruments like the GECOR10 make use of software implementation 
that performs advanced numerical fit to the Butler-Volmer Equation 3.6, by adjusting the 
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measured values of potential (𝐸), current (𝐼) and the Tafel constants (βa & βc) to obtain the 
𝐼𝑐𝑜𝑟𝑟 value.  
3.6 Engineering Relationship to Electrochemical Data 
As explained in (Section 3.5), the corrosion current density(𝐼𝑐𝑜𝑟𝑟) is obtained by fitting the 
measured data (potential and current) in a corroding system to an electrochemical model 
(Butler-Volmer Equation 3.6).  
To establish the corrosion rate in terms of an engineering parameter of mass loss over a 
period of time, the principal of Faraday’s law is used (Bushman, 2002).  
3.6.1 Faraday’s law 
During an electrolytic dissolution of a metal, say X, Equation 3.7 defines electrochemical 
process of dissolution: 
 𝑋 →  𝑋𝑛+ +  𝑛𝑒− (3.7) 
The relationship between current flow and mass loss is defined by the Faraday’s law, equation 
3.8: 
 𝑄 = 𝑛𝐹𝑀 (3.8) 
Where 𝑄 is the charge resulting from the dissolution of a metal 𝑋 with units Coulombs, 𝑛 is 
the number of electrons that are transferred per mole of an atom of a metal 𝑋, 𝐹 is the 
Faraday’s constant (96 485 Coulombs/mole), and 𝑀 is the number of moles of a metal  𝑋 
reacting.  
Charge, 𝑄 is: 
 𝑄 =  𝐼 ∗ 𝑡  (3.9) 
Where 𝐼 is current flowing in the metal 𝑋 and, 𝑡 is time in seconds.  
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Where 𝑚 is mass loss of a metal 𝑋 due to dissolution and 𝑀𝑟 is the molecular weight of a 
metal 𝑋. Substituting Equations 3.9 and 3.10 into Equation 3.8 ((Faraday’s law) and 








Equation 3.11 can be further simplified incorporating the metal 𝑋 density (𝐷) to obtain an 
equation of volume loss over time. The volume loss over time is the same as the well know 
units of corrosion in engineering which is reinforcement depth corroded over time. Relating 
the current parameter (𝐼) in Equation 3.11 to current density (𝐼𝑐𝑜𝑟𝑟), the parameter obtained 
by use of electrochemical techniques of reinforcement corrosion, the conversion constant 





𝐼𝑐𝑜𝑟𝑟 ∗ 𝑀𝑟 ∗ 𝑡
𝑛 ∗ 𝐹 ∗ 𝐷
=
𝐼𝑐𝑜𝑟𝑟55.845 ∗ 60 ∗ 60 ∗ 24 ∗ 365
2 ∗ 96 485 ∗ 7.874
= 0.0116𝐼𝑐𝑜𝑟𝑟 (3.12) 
  (Andrade & Alonso, 1996; Jaske, Beavers, & Thompson, 2002; Miyazato & Hiraishi, 2013; 
RILEM TC 154-EMC, 2003).  
Andrade & Alonso (1996) proposed a scale to classify the extent of corrosion in terms of 𝐼𝑐𝑜𝑟𝑟 
values. Figure 8 shows the 𝐼𝑐𝑜𝑟𝑟 values as an indication of corrosion extent. 
 
Figure 8: Icorr values ranges for concrete under various conditions of humidity content and aggressive 
elements(Andrade & Alonso, 1996) 
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They classify the 𝐼𝑐𝑜𝑟𝑟 values as follows; for 𝐼𝑐𝑜𝑟𝑟 < 0.1 µ𝐴/𝑐𝑚2 (1.1µ𝑚/𝑦𝑒𝑎𝑟), the 
reinforcement is considered be under negligible corrosion, while for values above 𝐼𝑐𝑜𝑟𝑟 > 
0.2 µ𝐴/𝑐𝑚2 (2.2µ𝑚/𝑦𝑒𝑎𝑟), the reinforcement may be considered as undergoing corrosion.  
Andrade & Alonso (1996) also provides the loss in rebar diameter prediction curves as a 
function of  𝐼𝑐𝑜𝑟𝑟 and time. The rebar diameter loss graphs are applicable only when the 
corrosion process has reached the propagation period. Based on the time to reach a certain 
cross-sectional loss, the corrosion levels are established as negligible, low, moderate and high.  
 
Figure 9: Decrease of rebar diameter/cross-section with time as a function of Icorr values during propagation 
period (Andrade & Alonso, 1996) 
 
Rapid deterioration of the cross-section is indicated by values of 𝐼𝑐𝑜𝑟𝑟 equating to 
10 µ𝐴/𝑐𝑚2. On the other hand, long life time of more than 100 years is suggested by values 
of 𝐼𝑐𝑜𝑟𝑟 below 0.1 µ𝐴/𝑐𝑚2.  
Values suggesting a decrease in the cross-section by 5-25% during a service life period of 20-
50 years are those having a rate of 0.5-5 µ𝐴/𝑐𝑚2. 
Based on the observations made by Andrade & Alonso (1996), Table 1 classifies the corrosion 
rate levels.  
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Table 1: Classification of corrosion level with reference to corrosion rate values (Andrade & Alonso 1996) 
Corrosion rate (µA/cm²)   Corrosion level 
< 0.1   negligible 
0.1 - 0.5  low 
0.5 - 1  moderate 
> 1   high 
 
Corrosion parameters are affected by temperature and moisture, hence it is difficult to 
formulate a universal interpretation system of the corrosion rate data. To account for the 
variation of corrosion parameters due temperature and moisture, literature provides some 
guidance for the interpretation of the corrosion monitoring results and classification based 
on the monitoring technique used (Martínez & Andrade, 2009). For the purposes of this study 
a linear polarization monitoring technique, as explained in Section 3.3.1 was used for 
determining the representative value of the corrosion rate in beam specimens. 
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4 Experimental Design  
4.1 Introduction  
This experimental design consisted of two main phases, material preparation and the testing 
phase. The LWFC material preparation will be presented first in this chapter and then followed 
by the detailed description of the tests conducted.  
LWFC material and specimen preparation involves the selection of raw material, quantities 
determination, mixing procedure, casting specimens and then storage which will be covered 
in Sections 4.2 and 4.3. Section 4.4 will present the testing procedure, parameters tested and 
methods used. 
4.2 Mix Design and Materials 
A wet target density determines the strength category of LWFC, unlike in NWC where the 
required strength governs the water/cement ratio. A wet target density of 1600 kg/m3 was 
established and used to determine the quantities of the mixing constituencies. This density 
was chosen as it falls within the structural category for LWFC (Alexander & Beushausen, 
2009). 
The materials presented in Section 4.2.1 were used to prepare the LWFC beams and cube 
specimens. For the purpose of this study, a target wet density of 1600 kg/m3, foam density of 
75 kg/m3, water/cement ratio of 0.43, water/ash ratio of 0.25, and 0.45 percentage volume 
of fibres were kept constant throughout the preparation of LWFC.  
4.2.1 LWFC materials 
The main binder used to prepare the LWFC was Ordinary Portland Cement (CEM I) 52.5 N 
(SANS50197-1, 2013). A cement extender of Class S designated fly ash (SANS50450-1, 2014) 
under the brand name ULULA was also used.  
The water used for both mixing and preparation of the pre-foam was potable water 
(SANS10100-2, 2014).A protein based foaming agent, with brand name Foamtech, was used 
to prepare the pre-foam. Synthetic polypropylene fibres (SAPY Corehfil™), 12mm in length, 
were incorporated in the preparation of all specimens. 
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4.3 Mixing Procedure and Test Specimens 
4.3.1 Mixing procedure and quantities  
The mix design in this research is based on the approach used by Kearsley & Mostert (2005). 
The authors used the hydraulic turntable test to determine the water demand of each mix 
design constituents. Appendix A gives in detail the procedure used by the authors and 
proposed equations to determine each constituent to satisfy the target density. Table 2 and 
Table 3 present the mixing contents used to prepare the three mix types of LWFC used in this 
study. 
Table 2: Mix design constituents for the preparation of three types of LWFC 
Mix Type 
Density [kg/m³] 
Cement  Fly ash  Water  Foam 
mix 1 
mix 2 
ash:cement = 0:1 
ash:cement = 1:1 












9.53 mix 3 
 
Table 3: Fibre properties  
Properties    Corehfil™ 
material    100% Virgin Polypropylene Homopolymer  
fibre type  Straight Multifilament Fibre  
density (g/cm³)  0.91 
melting point (°C)  160 
fibre diameter (µm)  40 
fibre length (mm)  12 
colour    Natural (white) 
 
The mixing procedure involved two stages which were as follows: a concrete mortar paste 
was separately prepared by mixing the dry aggregates and water.  
A predetermined amount of foam was then added to the mortar paste and mixed again to 
make LWFC. Images of the LWFC drum mixer and the foam generating machine which were 
used in the production of LWFC are presented in Appendix A. 
4.3.2 Test specimen preparation 
Prismatic reinforced and unreinforced beam specimens with approximate dimensions of 
460x100x100 mm and 500x100x100 mm respectively were cast for all the three mix designs 
(Table 2). A total of 24 reinforced and 12 unreinforced beam specimens were cast for each 
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mix design. The specimen distribution with regards to test parameters is detailed in Table 4. 
In addition to the beams, 100 mm cubes for mix design control on mixes 1, 2 and 3 were cast 
including specimens for long term compressive strength of mix design 3.  
Table 4: Specimen sample size distribution per mix design 
cover  
Specimen treatment  














Figure 10 shows the sectional views of the reinforced beams and the wooden shutter 
arrangements that were used to embed the reinforcement. In all the beam specimens 
(reinforced and unreinforced), a dike measuring 420x70 mm was cast-in on one longitudinal 
surface of the prismatic beams. The dike was used as a ponding pool to expose the beams to 
0.3M NaCl concentrate solution.  
Ribbed reinforcing steel bars of diameter Y12 mm at cover depths of 20 and 35 mm were used 
in the reinforced beam specimens (SANS920, 2011). The mass per unit length of the 
reinforcing bars is 0.888kg. The bars were cut as per shape code 20 (SANS282, 2011) and to 
an approximate length of 480 mm.   
 
Figure 10: Reinforced beam specimen detail 
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Figure 11: Wooden mould 
 
 
Figure 12: (a) Rebar fixed to shatters (b) beam mould with rebar fixed to shutters assembly 
 
The wooden mould in Figure 11 was used for casting both reinforced and unreinforced beam 
specimens. 
For unreinforced specimens the mould without the reinforcement and shutter arrangement was used 
(Figure 11). For reinforced specimens the rebar was fixed onto the shutters as shown in Figure 12(a) 
and the shutters with the rebar were fixed into the mould as shown in Figure 12(b). 
4.3.3 Specimen surface treating  
Surface treatment on the specimens formed part of the test parameters. Two types of surface 
treatment agents were investigated, a waterproofing admixture for mortar and a silane based 
water repellent impregnation cream.  
The waterproofing admixture was applied to the LWFC during the mixing stage to the 
impregnation (IT) set of the beam specimens for all three mix designs. The product used was 
a silicate-based agent (pore-blocker), brand name Sikalite®. The surface treatment was 
applied by mixing the powdery product mass of 0.2% by weight of the main binder with the 
dry mix constituents as specified by the product manufacturer (Sikalite®, 2012). 
(a) (b) 
Stellenbosch University  https://scholar.sun.ac.za
34 | P a g e  
 
The brand name of the silane based water repellent (hydrophobic) impregnation cream used 
is Sikagard® – 706 Thixo and it is often referred to as the pore-liner in this study. It was applied 
onto the surface of the specimens after 28 days of curing by method of painting using a  brush. 
The application method was also according to the manufacturer specification (Sikagard ® -
706 Thixo, 2012). Three coatings of the pore-liner agent were applied on the specimens’ 
ponding dike. The specimens were then stored for 24 hours before testing to allow the 
treatment to penetrate the LWFC matrix. 
Figure 13 shows two beam specimens after the final coat of treatment with a water repellent 
saline based agent (pore-liner). 
 
Figure 13: Surface treated beam specimen by a saline-based agent (Sikagard® – 706 Thixo) 
 
4.3.4 Specimen handling and storage  
After casting specimens were stored for 24 hours in a climate controlled room with a relative 
humidity of 60±5 % and a temperature of 23±2 °C before demoulding (Figure 14). After the 
24 hour period, when the LWFC had hardened, the moulds where stripped off and the beams 
were stored in the climate room for an additional curing period of 28 days before testing.  
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Figure 14: Cast beam specimens stored in the climate room to harden before demoulding 
 
The cubes where also stored in the climate room to cure after demoulding and during the 
long term compressive strength testing.  
4.4 Experimental Tests 
4.4.1 Introduction 
This section describes the experimental testing conducted in this study. The experimental 
tests were established in accordance with the objectives of the study. Performance of two 
types of surface treatment agents against chloride penetration and induced corrosion 
constituted the main focus of the study. In addition to that, long term compressive strength 
for a mix design with high fly ash inclusion was investigated. Sub-parameters investigated 
under chloride penetration and induced corrosion were; cement replacement with fly ash, 
and reinforcement cover depths of 20 and 35 mm respectively.  
In order to investigate the surface treatment performance, fly ash content and cover depth; 
an accelerated laboratory cyclic wet/dry corrosion test was conducted. LWFC beam 
specimens were exposed to a wet period of NaCl solution and kept dry for the subsequent 
period after wetting.  
4.4.2 Beams exposure to sodium chloride solution 
After mixing, casting, curing and surface treating, the LWFC beam specimens were exposed 
to an aqueous solution of 0.3 M Sodium Chloride (NaCl) by means of ponding on the dike. The 
Stellenbosch University  https://scholar.sun.ac.za
36 | P a g e  
 
NaCl solution was to induce chloride penetration and subsequent corrosion on the embedded 
reinforcement in the LWFC beams. Three repeated cycles, of 7 days ponding and 21 days dry, 
were performed to accelerate chloride ingress (i.e. 1 cycle = 7days wet and 21days dry).  
The method of cyclic wetting and drying increases the concentration and penetration of 
chloride ions in the concrete matrix due to subsequent ingress and evaporation of water. 
During the dry period, oxygen availability in the concrete will be increased since it has a higher 
diffusion coefficient in unsaturated concrete. 
In addition to increased oxygen penetration during the dry period, high degrees of dry period 
allows the subsequent wetting to carry chloride ions deeper into the concrete. The NaCl 
solution ponding and testing was conducted under climate-controlled conditions.  
4.4.3 Parameters tested 
The test parameters investigated in this study with regards to chloride penetration and 
induced corrosion were; surface treatment by a water repellent silane-based agent (pore-
liner) and a silicate-based waterproofing admixture agent (pore-blocker) (i.e. surface treated; 
integrally treated; and reference untreated), fly ash content, with ash: cement ratios of 0:1, 
1:1 and 2:1 (weight), and reinforcement cover depth of 20 mm and 35 mm.  
In order to investigate the effect of the aforementioned parameters with regards to chloride 
penetration and induced corrosion in LWFC exposed to NaCl, a series of tests was conducted. 
Sections 4.4.3.1 to 4.4.3.3 present the details surrounding these tests. Information on the 
supplementary test, to determine the long term compressive strength development LWFC 
test specimens, is also included.  
4.4.3.1 Reinforcement corrosion rate  
There are various non-destructive testing techniques to assess corrosion rate of 
reinforcement embedded in concrete. For the purpose of this study the linear polarisation 
resistance (LPR) method using a commercially available GECOR 10 corrosion rate measuring 
equipment was implemented. The instrument has a built-in software that implements the 
LPR method based on the Potentiostat measurement  technique (Andrade & Alonso, 1996; 
ASTMG102, 1999; Berke & Brossia, 2005; Gecor & Gecor, n.d.; Miyazato & Hiraishi, 2013).  
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Figure 15: Typical reinforcement corrosion rate measurement set up 
 
Figure 15 depicts the reinforcement corrosion rate measurement set up, accompanied by the 
GECOR 10 instrument, half-cell, and a beam specimen. 
Reinforcement corrosion rate measurements for R/LWFC beams were recorded during the 
dry period. In the second and third cycle the readings were recorded at the end of the 21 days 
dry period. This decision was taken after a series of reinforcement corrosion readings in the 
first cycle proved to be influenced by the amount moisture saturation in the beam. Consistent 
and stable corrosion readings were observed to be recorded when the beam specimens are 
less saturated which was at the end of the 21 days dry period. 
4.4.3.2 Chloride penetration 
A total of nine unreinforced beam specimens were cut into half longitudinally with a saw 
blade after every cycle of exposure to determine the chloride penetration depth. The 
distribution of the nine beams was as follows: 3 beams per mix design for each treatment. A 
solution of 0.1 M silver nitrate concentration was sprayed over the cut surface and left for a 
few minutes so that the chemical reaction could take place. 
The chloride ion penetration depth was measured using a Vernier callipers on the part that 
turned silver-white as a result of the chemical reaction between the silver nitrate and chloride 
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ions (Otsuki, Nagataki, & Nakashita, 1993). The maximum and minimum chloride ion 
penetration depths were recorded using this method.  
The cut surfaces of all the beams were cleaned with pressurised air to remove the dust 
particles that might interfere with the chemical reaction when the silver nitrate is sprayed 
and consequently affect clear reading of the penetration depth results. 
After air blowing, the surfaces were sprayed with the silver nitrate solution. The spraying 
technique was employed to avoid contamination of surfaces that had not been penetrated 
by chloride ions.  
 
Figure 16: Cut unreinforced beam before spraying silver nitrate solution 
 
The chloride penetration depth was defined as the distance from the bottom of the ponding 
dike to the lowest point with the silver-white discoloration. The test method was performed 
as explained and in accordance with the (ASTM C1543), the American standard test method 
for determining the penetration of chloride ion in concrete by ponding.  
4.4.3.3 Cube compressive strength 
In order to establish that the mix design satisfies the performance criteria of structural LWFC 
class based on strength; compressive strength testing was conducted as a mix design control 
test. It was performed in accordance to the South African National Standard (SANS5863, 
2006). The test was conducted on 100 mm cube specimens at 28 days of aged. A Contest 
compressive strength testing machine type GD 10 grade A was used to determine the force 
to failure of the cube specimens. In addition a long term compressive test was also conducted 
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for mix design 3. This test was to further establish the consistency and validity of the mix 
design based on the strength prediction models for LWFC by Kearsley & Wainwright (2001). 
The long term compressive strength of mix design 3 cubes was determined at concrete age 
of 1, 3, 7, 14, 21, 28 and 56 days after casting. Equation 5.1 was used to calculate the 






 𝐹𝑠: is the maximum force applied by a contest machine to a cube specimen 
𝐴: is the cross sectional area of the cube specimen normal to the applied force 𝐹𝑠 
(SANS5863, 2006) 
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5 Experimental Results and Discussion 
5.1 Introduction 
This chapter presents the results obtained from the experimental tests conducted in the 
course of this research. The details and interpretation of the test results are also included.  
The chloride penetration depth results are presented in Section 5.2, then followed by the 
crack characterisation in Section 5.3, Section 5.4 will present the corrosion rate results of the 
reinforcement bars embedded in the LWFC beams, and finally the cube compressive strength 
results in Section 5.5.  
5.2 Chloride Penetration Results 
Chloride penetration testing using silver nitrate solution was conducted to determine the ion 
penetration into unreinforced LWFC beams. This test was conducted to determine the 
penetration depth of chloride ions in the three LWFC mix designs prepared in this study. 
Figure 17 and Figure 18 depict the typical chloride penetration results at the end of NaCl 
ponding cycles 2 and 3. 
 
Figure 17: Typical silver nitrate discoloration of fly ash: cement ratio (a) 0:1, (b) 1:1, (c) 2:1 at the end of NaCl 
ponding cycle 2. 
 
Figure 18: Typical silver nitrate discoloration of fly ash: cement ratio (a) 0:1, (b) 1:1, (c) 2:1 at the end of NaCl 
ponding cycle 3. 
 
(a) (b) (c) 
(a) (b) (c) 
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Table 5 gives the summary of the chloride penetration depths recorded via the silver nitrate 
chemical testing at the end of 1st, 2nd, and 3rd cyclic wetting and drying exposure cycles.  
Table 5: Chloride penetration depth 
  chloride penetration depth in [mm] 







 NaCl ponding cycles 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 
mix design 1 
mix design 2 
mix design 3 
ash:cement = 0:1 
ash:cement = 1:1 





























From Table 5, it can be deduced that the penetration depth is dependent on the type of 
surface treatment agent, fly ash content and period of NaCl exposure. 
5.2.1 Surface treatment agent 
Of the two surface treatment agents (pore-liner and pore-blocker) used in this study, the 
pore-liner (hydrophobic impregnation) agent exhibited a better performance against chloride 
ion penetration resistance. This behaviour can be attributed to the water repellent protection 
mechanism of the agent (Section 2.4.1.1). Concrete naturally forms ionic or hydrogen bonds 
with water molecules when in contact (hydrophilic state). 
Upon application of the pore-liner agent, the concrete surface is altered from a hydrophilic 
state to a hydrophobic state which repels water molecules via a mechanism known as the 
lotus effect. The resulting hydrophobic surface is effective at resisting any form of moisture 
penetration into the concrete matrix, hence avoiding penetration by chloride ions in solution. 
The pore liner treatment agent proves to be effective on resisting any penetration by 
moisture, as depicted by the significantly small penetration depths in Table 5. 
The pore blocker resists moisture penetration into the concrete matrix by reacting with the 
hydration products to form insoluble gel or precipitate that fills and blocks the easy 
movement of moisture in the concrete pore structure. However, the highly porous nature of 
LWFC is believed to have affected the effectiveness to penetration resistance of the agent. 
Since there will be significantly numerous pores to be blocked and that the protection 
mechanism of the agent results in a partially or totally filled capillaries or pores (EN1504-2). 
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A considerable penetration of moisture in the pore-blocker treated specimens, compared to 
the pore-liner treated specimens, was recorded. 
5.2.2 Fly ash content 
The penetration depth results in Table 5 show that an increase in fly ash content results in an 
increase in penetration of moisture in untreated LWFC beam specimens. Gao et al. (2009) 
mention that though high volumes of fly ash may reduce the shrinkage strains, the durability 
of concrete may be reduced at the same time. Replacement of Portland cement by fly ash is 
also reported to have an effect of increasing the porosity of a cement paste which may have 
compromised the durability against moisture penetration (P. Chindaprasirt, Homwuttiwong, 
& Sirivivatnanon, 2004). The pore-blocker treated specimens exhibited increase in 
penetration of moisture with increase in fly ash content, with doubled penetration depth 
between mix 1 and 3. 
The moisture penetration resistance of the pore-liner treated specimens did not vary with 
increase in fly ash content. It can also be concluded that, increased periods of exposure to the 
NaCl cyclic wetting and drying, results in increased depth of chloride ion penetration. 
5.3 Crack Characterisation  
The presence of cracks on the reinforced beams had a significant impact on the trend of the 
corrosion rate profiles. The location along the beam that experienced cracks typically resulted 
in higher corrosion rate readings, this also applied for points closer to cracks. This section will 
present the crack characterisation of the reinforced specimens before presenting the 
corrosion profile results.  
Dry shrinkage strains and restraint by the longitudinal beam resulted in multiple and random 
cracks being initiated as a way to relieve stress. The cracks varied from transverse to 
longitudinal. The location at which the cracks propagated did not follow any specific pattern 
rather than that of either being longitudinal, transversal or a combination of both. Figure 19 
shows the typical crack pattern observed in the three mix designs. 
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Figure 19: Typical cracks patterns (a) fly ash: cement ratio 0:1 (b) fly ash: cement ratio 1:1 (c) fly ash: cement 
ratio 2:2 
 
As previously mentioned the propagation of cracks in the R/LWFC beams did not follow a 
specific trend or pattern. However with an increase in fly ash content the number of cracks 
and size reduced (Figure 19 (c)).  
Figure 20 to Figure 22 present the crack distribution and size per set of beam specimens with 
regards to ash:cement ratio, and rebar cover. 
 
(a)  (b)  
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(a)  (b)  
Figure 21: Crack distribution in R/LWFC: ash/cement ratio 1:1 (a) 35mm cover (b) 20mm cover 
 
(a)  (b)  
Figure 22: Crack distribution in R/LWFC: ash/cement ratio 2:1 (a) 35mm cover (b) 20mm cover 
 
From Figure 20 to Figure 22 it can be deduced that the number of beams and crack size 
decreased with increase in fly ash:cement ratio. The crack distribution figures indicate that 
for a LWFC mix without fly ash inclusion (mix design 1), they were more beams with crack size 
greater than 0.2 mm. For mix design 2 and 3 the frequency of the beam crack size greater 
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Fly ash is well known for reducing the dry shrinkage strains in LWFC concrete, hence relieving 
the risk of cracking in restrained elements (Chindaprasirt & Rattanasak 2011; (P. Chindaprasirt 
et al., 2004; Prinya Chindaprasirt, Jaturapitakkul, & Sinsiri, 2005; Gao, Lu, & Tang, 2009) The 
properties of fly ash such as fineness and particle size can be attributed to the reduction of 
crack size with increase in fly ash: cement ratio depicted in Figure 20 to Figure 22.  
 
Table 6: Corrosion rate characterisation with respect to crack size and distribution for ash:cement ratio 0:1 
Cover crack width  
Nr. of cracks  Nr. of specimens  
Icorr [µA/cm²] 
c [mm] wc [mm] Avg. Min Max 
20 
0.1 5 3: 2ST + 1REF 1.34 1.08 1.53 
0.15 3 3: 2REF + 1IT 5.13 2.11 7.38 
0.2 6 7: 2REF + 3ST + 2IT 8.68 5.95 11.75 
35 
0.1 7 5: 3ST + 2IT 3.83 1.84 4.35 
0.2 8 8: 3REF + 2ST + 3IT 14.58 9.15 19.4 
 
Table 7: Corrosion rate characterisation with respect to crack size and distribution for ash:cement ratio 1:1 
Cover crack width  
Nr. of cracks  Nr. of specimens  
Icorr [µA/cm²] 
c [mm] wc [mm] Avg. Min Max 
20 
0.1 12 8: 4REF + 2ST + 2IT 1.28 0.11 3.11 
0.2 6 7: 3REF + 3ST + 2IT 3.09 0.16 6.87 
35 
0.1 7 5: 1REF + 3ST + 1IT 0.23 0.12 0.34 
0.2 4 4: 1REF + 2ST + 1IT 0.34 0.24 0.42 
 
 
Table 8: Corrosion rate characterisation with respect to crack size and distribution for ash:cement ratio 2:1 
cover crack width 
Nr. of cracks Nr. of specimens 
Icorr [µA/cm²] 
c [mm] wc [mm] Avg. Min Max 
20 0.1 5 4: 1REF + 3IT 3.75 2.62 5.64 
30 0.1 8 6: 1REF + 2ST + 3IT 1.63 0.07 3.1 
 
 
A summary of average, minimum and maximum values of corrosion rate for each crack size 
and distribution is presented in Table 6 to  
 
Table 8. The corrosion rate values are irrespective of the surface treatment agent, however, 
they give a general perspective of the effect of crack size to corrosion rate. For each rebar 
cover an increase in the average corrosion rate is observed with increase in crack size. 
Significantly high corrosion rates were observed on cracked regions while recording the 
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corrosion profiles which signifies increased corrosion activity taking place at a crack and 
points surrounding it. 
 
5.4 Corrosion Rate Profiles 
This section analyses the performance of the surface treatment agents based on the corrosion 
rate of reinforcement embedded in LWFC.  
The methods in determining the corrosion rate of embedded reinforcement in concrete 
cannot map the corrosion behaviour along the full length of the rebar. Yet the corrosion rate 
of rebar embedded in a beam can vary along the length of the bar as a result of the variable 
nature of material properties along the beam length. 
The variations of the corrosion rate and material properties are due to factors such as; 
presence or absence of cracks in the beam; how far a point is from a crack; compaction is not 
perfectly homogenous along the beam length. In light of these factors, rebar corrosion rate 
profiles were produced by mapping the corrosion rate along the rebar length (rebar length 
corrosion mapping). This approach made it possible to visualise the effect of the 
aforementioned factors (especially cracking) on the corrosion rate of the reinforcement.  
In order to visually assert a better performing surface protection system, the corrosion rate 
profiles were sorted based on mix design and rebar cover. Figure 23 to Figure 25 present the 
corrosion rate profiles obtained at the end of 2nd cycle of wetting and drying of R/LWFC 
beams. The corrosion rate data is presented in the form of current density (µA/cm2) against 
rebar length (cm). 
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(a) (b)  
Figure 23: Corrosion current density for fly ash: cement ratio 0:1, for (a) 35 mm cover and (b) 20 mm cover 
(a) (b)  
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(a) (b)  
Figure 25: Corrosion current density for fly ash: cement ratio 2:1, for (a) 35 mm cover and (b) 20 mm cover 
 
The corrosion behaviour of the reinforcement bars varied with content of fly ash inclusion in 
the mix design, and surface treatment agent. 
5.4.1 Impact of fly ash inclusion on corrosion rate 
LWFC is characterised by high drying shrinkage strain, making it susceptible to cracking in 
restrained elements (Awang, Mydin, & Roslan, 2012; Prinya Chindaprasirt & Rattanasak, 
2011; Nambiar & Ramamurthy, 2008, 2009). The beam specimens without fly ash inclusion 
(Figure 23) experienced excessive longitudinal and transversal cracking as a result of drying 
shrinkage strain and reinforcement restraint. The cracks offered an easy pathway for the 
penetration of NaCl to the level of reinforcement.   
The reference (untreated) specimens with a cover depth of 25mm developed longitudinal 
cracking at both ends of the beams (Figure 23 (b)), this can be seen by the increase in 
corrosion current rate profiles readings at the first and second end of the reinforcement. 
With fly ash content increased the effects of drying shrinkage strain were observed to reduce, 
this was due to the reduction in crack width size and corrosion rate profiles readings recorded. 
5.4.2 Impact of surface treatment agents on corrosion rate 
Lower corrosion rates were recorded in surface treated pore-liner and pore-blocker 
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better treatment agent between the pore-blocker and the pore-liner agent from the 
corrosion profiles of mix design 1 specimens (fly ash: cement ratio 0:1). This is due to the 
excessive cracking as a result of dry shrinkage strains, rendering the surface treatment 
ineffective on resisting NaCl penetration.  
Specimen cracking influenced the corrosion rate profiles trend for the LWFC mix design 1 
without fly ash inclusion (Figure 23). A similar trend of the corrosion rate profiles is observed 
regardless of the applied surface treatment or rebar cover depth. Though cracks were 
dominant, surface treatments arguably offer some level of protection for mix design 1 
specimens which can be observed at both ends of the rebar corrosion profile (Figure 23).  
The effects of cracks reduce with fly ash inclusion in mix designs 2 and 3, which correspond 
to corrosion rate profiles in Figure 24 and Figure 25. The corrosion profiles in mixes with fly 
ash inclusion were not affected by shrinkage strains to a significant extent, this made it 
possible to qualitatively asses the effectiveness of surface treatment agents. The pore-liner 
agent can be regarded as better performing than the pore-blocker. This can be supported by 
observed lower corrosion current rate profile readings for the pore liner system in Figure 24 
and Figure 25. The corrosion profiles at the end of the 3rd NaCl exposure cycle are presented 
in Figure 26 to Figure 28. 
 
(a) (b)  
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(a) (b)  
Figure 27: Corrosion current density for fly ash: cement ratio 1:1, for (a) 35mm cover and (b) 20mm cover 
(a) (b)  
Figure 28: Corrosion current density for fly ash: cement ratio 2:1, for (a) 35 mm cover and (b) 20 mm cover 
 
An increase of the corrosion rate profile readings is observed between the profiles recorded 
during the 2nd and 3rd exposure cycle. However a consistent trend for both cycles is apparent. 
The increase in corrosion rate profiles readings in the 3rd cycle data is due to the subsequent 
NaCl solution ponding, which adds to the already occurring corrosion process. 
A qualitative analysis of the corrosion profiles of the 2nd and 3rd exposure cycles shows that 
the pore-liner treated specimens offered better performance at inhibiting chloride induced 
corrosion. This observation agrees with the conclusions made by Vries (1997) on the study 
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5.5 Compressive Strength Results 
The compressive strength test was performed mainly as a mix design control. The crushed 
specimen results were compared to the results obtained from the prediction models, 
Equations 5.1, 5.2 and 5.3 as proposed in literature by Kearsley and Wainwright. 
 𝑝 = 18665𝑦𝑑
−0.8440  (5.1) 
 𝑓𝑝 = 39.6(ln(𝑡))
1.174(1 − 𝑝)3.60 (5.2) 
 𝑓𝑓𝑐 = 1.172𝑓𝑝𝛼𝑏
3.70 (5.3) 
(Kearsley & Wainwright, 2001b) 
Where: p = porosity (%); yd = dry density (kg/m
3); fp= cube compressive strength of paste 
(MPa); t  = time since casting/concrete age (days); ffc= compressive strength of foamed 
concrete (MPa); αb = binder ratio.  
Binder ratio is all the binder contents (by volume) including mixing water of foamed concrete 
mixture expressed as a fraction of all the binder content of the cement paste (base mix). 
The typical 28 day strength of LWFC with ash: cement ration of 2:1 was found to give an 
average of 19MPa. Fly ash replacement in LWFC resulted in low early age strength 
development as expected, however the strength development gradually increased with time. 
According to the models the age at which the strength parity between the ash: cement ratio 
0:1 mix and the two ash: cement ratio 1:1 and 2:1 mixes was 125 days and 171 days 
respectively. However the models for the mixes with fly ash inclusion predicted an overall 
higher long term strength development. This may be due to the pozzolanic reaction of fly 
ash’s alumina-silicate with the Portland cement hydration product calcium hydroxide to 
produce various calcium-silicate hydrates and calcium-aluminate hydrates which adds to 
strength development of the LWFC. 
Long term compressive strength test for ash: cement ratio 2:1 results, including the prediction 
models, are presented in Figure 29. The long term compressive strength test was conducted 
in order to establish a mix design control criteria for the mix with high fly ash content. An 
agreement of the test results and the prediction models can be observed.   
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Figure 29: Long-term strength development of LWFC 
 
  















ash:cement = 0:1 model
ash:cement = 1:1 model
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ash:cement = 2:1 (test)
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6 Conclusion and Recommendations 
6.1 Introduction  
The research investigated the performance of two locally sourced (South African) surface 
treatment agents against resisting chloride penetration and consequently induced corrosion 
in LWFC. The chloride induced corrosion was initiated by means of cyclic wetting and drying 
of beam specimens with NaCl solution. Three types of LWFC mixes with fly ash inclusion of 
ash: cement ratios of 0:1, 1:1 and 2:1 were prepared for testing. The chloride penetration 
depth and corrosion rate of embedded reinforcement were recorded at the end of each NaCl 
ponding cycle which consisted of 7 days wet and 21 days dry equating to 1 cycle, and a total 
of 3 cycles were performed.  
The results from the tests conducted indicated that the performance of surface treatment 
agents can be compromised by the presence of cracks in the specimens. This observation was 
confirmed by the variance of the corrosion rate profiles from severely cracked to un-cracked 
specimens. The conclusion can be summarised as follows: 
6.2 Conclusions 
6.2.1 Lightweight foamed concrete (LWFC) 
• LWFC without cement extenders (fly ash) offers an appreciable resistance to moisture 
penetration. However, high dry shrinkage strains, which give a high risk of cracking in 
restrained elements or members of the material, are a major concern that needs 
attention in order to enhance the durability performance of the material. 
6.2.2 Surface treatment agents 
• The analysis of the corrosion rate and chloride penetration depth results shows that 
the saline-based treatment agent (pore-liner) performed better than the silicate-
based treatment agent (pore-blocker) in preventing chloride ion penetration in 
solution and consequently limiting the rate of corrosion.  
6.2.3 Fly ash content 
• Fly ash inclusion in the LWFC mix yielded positive results against the effects of dry 
shrinkage strain in restrained LWFC elements, which are prone to risk of heavy 
cracking.  
• From the mix design constituents in Table 2, it can be drawn that fly ash has a positive 
effect on reducing the water demand of a mix. With increase in fly ash content, the 
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water requirements of the mix design decreased. Fly ash requires less water owing to 
its spherical shape and smooth surface. 
• Chloride ion penetration depth was observed to increase with increase in fly ash 
content for the untreated specimens, the effect of which compromises the durability 
properties of LWFC with high fly ash content hence the content of fly ash needs to be 
controlled.  
• From the three mix designs investigated in this study, the mix design with equal 
proportions of fly ash and cement content ( ash: cement ratio 1:1) can be considered 
to be the better performing mix with regards to chloride penetration, dry shrinkage 
cracking and chloride induced corrosion of embedded rebar. This indicates that the 
cost of LWFC mixture can be reduced by replacing an equal amount of cement with fly 
ash without compromising the durability performance of the concrete. 
• With regards to compressive strength, a low rate of early age strength development 
is observed for LWFC mix with high fly ash inclusion (ash: cement ratio 2:1). However 
a gradual increase in strength can be observed which is attributed to the pozzolanic 
effect of fly ash in concrete.    
6.3   Recommendations 
Durability enhancement of LWFC by use of surface treatment agents for application in 
reinforced elements or members exposed to aggressive elements can be achieved 
successfully. However, this study did not include other factors that affect durability such as 
effects of exposure to the natural environment. Hence, based on the work conducted in this 
research, the following recommendations can be considered for further studies:  
• Tests to investigate the impact of natural environmental factors on the performance 
of surface treatment agents. 
• Further study on the shrinkage behaviour of LWFC with and without fly ash inclusion, 
and with focus on but not limited to the material’s plastic, autogenous and dry 
shrinkage behaviour to quantify the effect of fly ash replacement. 
• Further study to investigate the performance of other types of surface treatment 
agents and combinations of two or more agents can be explored. 
• The application and performance of shrinkage-reducing admixtures (SRAs) can also be 
an area of interest for further study towards mitigating crack propagation in restrained 
LWFC elements. 
• Investigation of a wide range of fly ash to cement ratio proportions in LWFC with 
respect to durability performance to ascertain the optimum and maximum quantities 
of fly ash that can be included in the mixing constitutes without compromising the 
durability properties and capabilities of the material.  
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8 Appendices 
8.1 Appendix A: Mix Design and Constituents 
This appendix includes the main laboratory equipment used in the production of foam and 
LWFC. In addition to that it also includes the mix design calculation procedure and an excel 
template that was used throughout the research period to determine the contents of the 
mixing constituents. 
The mix design procedure of LWFC is based on the target density of the material. When 
specifying LWFC, not only the strength is specified, but also the density. The compressive 
strength of the material is a function of density, hence the density and strength are closely 
related. The density can be expressed as either wet or dry density. The mass of the dry mixing 
constituents and the volume of the foam needed for a certain target density were determined 
using the equations proposed by Kearsley and Mostert (2005).  
These equations equate the relative densities, mass, and volume of the mixing constituents 
and solve for cement and foam content. For obtaining a cubic metre of LWFC, the total mixing 
constituents mass must be equal to the required cast density and the total volume of all 
constituents’ material should be one cubic metre. The two equations of density and volume 
are defined below, as proposed by Kearsley and Mostert (2005).  
 𝜌𝑚 = 𝑥 + 𝑥 (
𝑤
𝑐
) + 𝑥 (
𝑎
𝑐
) + 𝑥 (
𝑠
𝑐












) + 𝑅𝐷𝑓 ∗ 𝑉𝑓 (A.1) 
 1000 = (
𝑥
𝑅𝐷𝑐
) + 𝑥 (
𝑤
𝑐




















) + 𝑉𝑓 (A.2) 
Where 𝜌𝑚 = target casting density [kg/m
3] 
x = cement content [kg/m3] 
𝑤
𝑐
 = water to cement ratio 
𝑎
𝑐
 = ash to cement ratio 
𝑠
𝑐
 = sand to cement ratio 
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 = water to sand ratio 
𝑅𝐷𝑓 = relative density of foam 
𝑅𝐷𝑐 = relative density of cement 
𝑅𝐷𝑎 = relative density of ash 
𝑅𝐷𝑠 = relative density of sand 
𝑉𝑓 = volume of foam[l] 
After all the required mixing constituents were determined, a horizontal 70 litre capacity 
drum mixer was used for the mixing purposes. And the foam was generated using a foaming 
machine. Figure A1 and Figure A2 presents the two aforementioned main laboratory 
equipment used for the preparation of LWFC (i.e. a drum mixer and a foam generator). 
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Figure A1: LWFC 70 litre drum mixer 
 
 
Figure A2: Foam generating Machine 
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The main binder used to prepare the LWFC was Ordinary Portland Cement (CEM I) 52.5 N, 
under the brand PPC. The Ordinary Portland Cement (OPC) used complied with the South 
African National Standard with regards to cement type and strength class (SANS50197-1, 
2013). Another binder used was Class S designated fly ash under the brand name ULULA. The 
Class S  fly ash is finer than cement for maximum benefit in the concrete mix and it conformed 
to the South African Standards (SANS50450-1, 2014). The relative densities of the cement and 
fly ash were 3.15 kg/m3 and 2.20 kg/m3 respectively. 
8.1.1.2 Water 
The water used for both mixing LWFC and preparation of the pre-foam was potable water. 
This was based on the requirements of the South African Standards (SANS10100-2, 2014),  
which states that the water should not contain any impurities that may compromise the 
strength or durability properties of the concrete. Potable water is also recommended when a 
protein based foaming agent is used to avoid any possible contamination that my affect the 
quality of the foam (Brady et al., 2001). 
8.1.1.3 Foaming Agent and Foam 
A protein based foaming agent with a brand name Foamtech was used to prepare the pre-
foam. It was mixed with water at a ratio of 1 litre of foaming agent to 40 litres of water. The 
foam solution and air were passed through a machine to generate the pre-foam of density 75 
kg/m3. 
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Figure A3: Typical foam produced by the foam generating machine 
 
8.1.1.4 Surface protection systems 
An integral surface treatment was incorporated during the mixing stage of LWFC in one set of 
the test specimens per mix design. The product used was a silicate-based agent (pore-
blocker), brand name Sikalite®. The surface treatment was incorporated by mixing the 
powdery product mass of 0.2% by weight of the main binder with the dry mix constituents. 
This was according to the product manufacturer specification as detailed in the product data 
sheet (Sikalite®, 2012). 
Another type of a surface treatment used was a saline-based agent (pore-liner), brand name 
Sikagard® – 706 Thixo. The surface treatment was applied onto the surface of the specimens 
after 28 days of curing in a climate-controlled room. The application method was also 
according to the manufacturer specification (Sikagard ® -706 Thixo, 2012).  
8.1.1.5 Fibres 
LWFC is associated with high dry shrinkage strains and low tensile strength. The incorporation 
of fibres enhances the material’s tensile strength and fracture energy (Awang et al., 2012; De 
Villiers, Van Zijl, & van Rooyen, 2016; Hazlin et al., 2017; Zollo & Hays, 1998). Synthetic 
polypropylene fibres (SAPY Corehfil™), 12mm  in length, were used in the preparation of all 
the specimens. The fibre content was determined as a percentage volume of 0.45% to all the 
dry mixing constituents. 
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Figure A4: Typical 12mm polypropylene fibres used during the production of LWFC 
 
8.1.1.6 Reinforcement 
Rib reinforcing steel bars of diameter Y12 mm were used in the reinforced beam specimens. 
The symbol ‘Y’ in front of the diameter value denotes that the reinforcing steel grade was high 
tensile as prescribed in the South African National Standard(SANS920, 2011). The mass per 
unit length of the reinforcing bars was 0.888kg. The bars were cut as per shape code 20 
(SANS282, 2011) and to an approximate length of 480 mm.    
Stellenbosch University  https://scholar.sun.ac.za
68 | P a g e  
 
8.2 Appendix B: Specimen Cracking Detail  
Table 9: Reinforced beam specimen crack detail for mix 1 (ash: cement = 0:1) and reinforcement cover depth 
of 35mm 
Treatment Type Beam Transverse Crack Size & Location Longitudinal Crack Size 
Reference 
1 0.2mm [19.6cm] ---- 
2 0.2mm [18cm] ---- 
3 0.2mm [20cm] ---- 
surface (Non  
integral) 
1 0.1mm [15cm]; 0.1mm [22cm] ---- 
2 0.2mm [12cm]; 0.1mm [25cm] 0.1mmRE 
3 




1 0.2mm [19.5cm] **** 
2 0.2mm [22cm] ---- 
3 0.1mm [14.5cm]; 0.2mm [22cm] ---- 
4 0.1mm [19.5cm] ---- 
 
 
Table 10: Reinforced beam specimen crack detail for mix 1 (ash: cement = 0:1) and reinforcement cover depth 
of 20mm 
Treatment Type Beam Transverse Crack Size & Location Longitudinal Crack Size 
Reference 
1 0.15-0.2mm [21.6cm] 0.4mm 
2 0.15mm [25cm] 0.1mmRE 
3 
0.1mm [6cm]; 0.2mm [16.4cm]; 0.2mm 
[27cm] 
---- 
surface (Non  
integral) 
1 0.2mm [20cm] 0.1mmRE 
2 








1 0.2mm [23cm] 0.1mmRE 
2 0.15mm [23cm] 0.2mmLE ; 0.1mmRE 
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Table 11: Reinforced beam specimen crack detail for mix 2 (ash: cement = 1:1) and reinforcement cover depth 
of 35mm 
Treatment Type Beam Transverse Crack Size & Location Longitudinal Crack Size 
Reference 
 1 ---- ---- 
2 0.2mm [18cm] ---- 
3 0.1mm [28cm] ---- 
4 ----  
surface (Non  
integral) 
1 0.1mm [15cm]; 0.1mm [22cm] ---- 
2 0.2mm [12cm]; 0.1mm [25cm] 0.1mmLE 
3 




1 0.2mm [19.5cm] 0.1mmLE & RE 
2 0.1mm [35cm] 0.1mmLE 
3 ---- 0.1mmLE & RE 
 
 
Table 12: Reinforced beam specimen crack detail for mix 2 (ash: cement = 1:1) and reinforcement cover depth 
of 20mm 
Treatment Type Beam Transverse Crack Size & Location Longitudinal Crack Size 
Reference 
1 0.1mm [24cm] & [36cm] ---- 
 2  0.1mm [12.5cm]; 0.15mm [32.5cm] 0.1mmRE 
3 0.1mm [18cm] 0.1mm** 
4 0.1mm [23.5cm]  
surface (Non  
integral) 
1 0.2mm [20cm] 0.1mmRE 
2 








1 0.1mm [18.5cm] 0.1mmRE 
2 0.1mm [30cm] 0.1mmLE & RE 
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Table 13: Reinforced beam specimen crack detail for mix 3 (ash: cement = 2:1) and reinforcement cover depth 
of 35mm 
Treatment Type Beam Transverse Crack Size & Location Longitudinal Crack Size 
Reference 
Beam 10 0.1mm [26cm] ---- 
Beam 11 ---- ---- 
Beam 12 ---- ---- 
surface (Non  
integral) 
 5 0.1mm [14cm]; 0.1mm [22cm] 0.1mm 
Beam 11 0.1mm [11cm] ---- 
Beam 12 ---- ---- 
Integral 
Beam 9 ---- 0.1mm 
Beam 10 0.1mm [22cm] ---- 
Beam 12 0.1mm [14.5cm]; 0.1mm [22cm] ---- 
Beam 11 0.1mm [19.5cm] ---- 
 
Table 14: Reinforced beam specimen crack detail for mix 3 (ash: cement = 2:1) and reinforcement cover depth 
of 20mm 
Treatment Type Beam Transverse Crack Size & Location Longitudinal Crack Size 
Reference 
Beam 1 0.1mm [18cm] ---- 
Beam 2 ---- ---- 
Beam 3 ---- ---- 
surface (Non  
integral) 
Beam 1 ---- 0.1mm 
Beam 2 ---- ---- 
Beam 3 ---- ---- 
Integral 
Beam 1 0.1mm [16cm] ---- 
Beam 2 0.1mm [20cm]; 0.1mm [32cm] ---- 
Beam 3 0.1mm [15.6cm] 0.1mm 
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8.3 Appendix C: Concentration Calculations  
Presented below are the chemical calculations for the concentration of silver nitrate and 
sodium chloride solutions used in the course of this study. 
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8.4 Appendix D: Fly Ash Data Sheet  
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8.5 Appendix E: Surface Treatment Agents Date Sheet 
8.5.1 Sikagard-706 Thixo (pore-liner)
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8.5.2 Sikalite (pore-blocker)  
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